INTRODUCTION
Vibroseis acquisition, whether for 2D, 3D or 4D has almost nowhere to go to provide the next round of obvious improvements. Sources cannot be made larger than those already available given issues of transport to site, fuel consumption etc. Some crews are already using 20-30 vibrators and whereas one source control system can handle 255 sources (i.e. individual vibrators or 255 fleets) the cost to operate and purchase so many vehicles is beyond almost all seismic contractors or what data end-users appear willing to pay. Further, the safety and logistics issues of such surveys have now also become limiting factors. Real time vib QC has been pushed as far as is possible with most commonly used source control systems.
Coupled with the development of independent source techniques such as BP's ISS, or those which share time frequency space such as Slip-sweep (Shell) and DSSS (BP), some operations have reached over 40,000 VPs in a 24 hour period, using some tens of thousands of recording channels leading to fold in four figures. This has resulted in the capture of higher frequencies in the recorded data where it appeared unavailable before. Therefore, it is easy to see that these advances have brought significant benefits to those parts of the industry which (a) operate in terrains where such techniques can be carried out and (b) can afford them. However, for the industry to make the next step, and for the vibroseis techniques to see similar improvements in many other terrain types, this brute force approach must be supplemented with better science. The Enhanced Vibroseis technique is a promising method which can take 2-4D land vibroseis to the next level.
OVERVIEW
In seismic field operations there are three major components to a survey, namely: the generation of some form of seismic energy, the timing, amplification and recording of the generated seismic signal by sensors, and the measurement of the positional relationship of the sensors and energy sources. Over the last few decades great advances have been achieved in the accuracy, fidelity, and reliability of sensor, recorder, and positioning technologies that have led to changes in field acquisition techniques that, combined with advances in processing, has led to step changes in imaging and resolution.
A gross simplification of these changes since the mid 1980's is that the generation and recording of seismic energy has ASEG-PESA 2015 -Perth, Australia 1
SUMMARY
The field of vibroseis has seen various advances over recent decades which have been mostly of a gross nature. These include the development and operation of heavier vibrators, improvements in positioning and tracking, the deployment and control of larger numbers of vibrators acting either as part of a fleet or as individual sources. More subtly, improved QC brought about by incorporation into the source decoder of sufficient recording channels which may better define vibroseis signatures has also been available to suitably equipped crews. Meanwhile, some seismic land recording systems also have been able to keep up with these source-related improvements, with the majority of advances made in cableless and hybrid systems which can work with large numbers of independent sources thanks to real time QC options, ease of deployment and a mix-andmatch approach of recording system architectures.
However, the basic assumptions in terms of the frequency and force put into the ground remain fixed on the notion of weighted sum ground force (WSGF) as espoused by Sallas in the 1980's. Most source control equipment and QC methods are still built on the premise that this is a good approximation for most circumstances.
However, even simple testing with load cells and/or down hole sensors reveals that this assumption is poor at low frequencies, and severely inaccurate at high frequencies. The problems resulting from this incorrect WSGF-approach are important limiting factors in terms of taking the next steps in vibroseis productivity and data quality improvement. This is true not only for typical land 2D/3D surveys but also significantly limits the progress that may be made on land 4Ds where far more accurate understanding of source characteristics is essential.
Initial results using The Enhanced Vibroseis method shows the potential to solve many of these issues and may be seen as the next major step the industry needs to make to progress this form of land acquisition.
changed from an emphasis on large geophone and vibrator arrays, vertical stacking, sequential shooting and a relatively low fold towards a single source, single sensor (S4) with 10-50 times the number of recording channels and some form of "blended" acquisition technique. The increase in recording channels has led to smaller source and receiver intervals, better azimuthal and offset distribution and increased fold. In the past, vibrator arrays and vertical stacking, achieved a high S/N ratio at each location. In today's recording environment using a single source, the signal "strength" is reduced and, for blended acquisition, "noise" has increased, due to the source noise from "overlapping" sweeps requiring some form of "deblending" of the desired signal.
De-convolution of the recorded sweep signal with the correct reference signal will remove the effects of varying coupling conditions as well as the harmonic noise generated in the vibrator. However, as the de-convolution process is dependent not only on the accuracy of the reference signal but also a sufficient signal to noise ratio in today's single source, single sweep and 4D recording environment, it is important to select the correct reference signal. However, vibroseis source controllers are not always developed with this specific function in mind. Instead they are designed primarily to ensure that the mechanical performance of the vibrator during a sweep conforms to predetermined specifications and does not exceed the mechanical limits of the vibrator system.
Simple monitoring of force output, phase, and harmonic distortion of the vibrator is achieved by the use of "feedback" from the accelerometers and other sensors mounted on the vibrator mechanism to control the motions of the Reaction Mass (RM) and Baseplate (BP). Although some advances have been made in vibrators and vibrator controllers, particularly in reliability, force output, band width, and reduction in harmonic distortion, the ability to estimate accurately the seismic signal emanating from the vibrator has changed little in three decades, and most source control systems are not designed with this more advanced feature in mind..
Weighted Sum Ground Force (WSGF), developed by Sallas in the 1980s, has become the de-facto standard for quantifying the force output of the vibrator. WSGF is the sum of the BP and RM accelerations multiplied by their respective masses and is integral to the "phase lock" and "force control" systems used on most vibrator controllers. This weighted sum GF is the contact force beneath the baseplate and the surface of the ground and is assumed by many to be representative of the wavelet that propagates into the surrounding media. Evidence from tests using load cells and down-hole geophones has shown that neither the amplitude nor the phase of the WSGF estimate is a good representation of the propagating wavelet, especially at the higher frequencies.
It is also well documented (Shaw et al) that the source signature of a vibrator varies from sweep to sweep and location to location due to changing ground properties causing variations in the near surface properties. The signature variation can be significant and, in the case of 4D operations. be orders of magnitude larger than the reservoir responses which time lapse 3D sets out to find.
A more accurate estimation of the changing earth properties and seismic signal is necessary to achieve further improvements in the ability to extract information from the seismic trace and improve the quality of the processed data.
THE CIVIL ENGINEERING MODEL
Following a series of devastating earthquakes in Japan and Mexico in the 1960's, civil engineers were tasked with investigating the behavior of structures undergoing forced vibrations of the magnitude induced by large earthquakes.
From their studies a model was developed where the structure and a volume of the earth could be represented by a massspring-damper system attached to a support. This system is commonly called a damped harmonic oscillator (or DHO) and is applicable for both multi-story buildings weighing millions of tons with "footings" (area of structure in contact with ground) covering several acres, and structures such as microwave towers weighting several tons with a footing of 1-2 meters in diameter. A DHO consisting of mass, spring and damping elements attached to a support as shown in fig (1) . For any DHO the natural frequency is given by ωn = √(m/k) From Richart, for a circular footing of radius, r, the stiffness, SG, and viscosity VG are given by sG = 4μr0/(1 − υ), ___________________ (a)
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Where µ = shear modulus, υ = Poisson's ratio, ρ = density of the earth.
From equations (a) & (b) the properties of the DHO are dependent on the properties of the ground as well as the mass of the structure and the dimensions of the "footing".
Stiffness and viscosity values of soil are used in engineering design calculations or for ground settlement predictions and methods have been developed over many decades to measure accurately these ground properties.
In her thesis Gordon gives a good review and comparison of in-situ seismic tests and lab testing to determine stiffness and viscosity values. These tests involved the study of surface wave generated by small weight drop sources on the surface or similar low energy devices in bore holes. A summary of the variation in Shear (G) and Young's (E) modulus for increasing strain levels is given in fig. (3) . Also shown is the range of operational stains for the different seismic tests described in her thesis.
Figure (3) Idealised representation of stiffness variation with strain
Gordon concludes "The S-shaped curve (referring to fig.(3) ) links seismic results measured at very small strain levels (E < 0.001 %) with those measured in the laboratory throughout the small strain range (0.001 %<E<1.0 %)". These "small strain levels" are only possible as the surface wave propagates through the undisturbed far field. For large strain levels the soil is likely to behave in-elastically.
DETERMINATION OF GROUND PROPERTIES WITH THE USE OF VIBRATORS
Ground conditions can vary dramatically during a land seismic survey. Because of this, an accurate estimation of the changes in the near-surface conditions is very valuable for making static corrections in data processing to improve the quality of the final product. Ali et al (2003) describe a method where the near-surface velocity can be estimated indirectly by using ground elastic properties derived from the signals produced by a vibrator. Ley et al, describe a test involving two separate commercially available methods to estimate the values of stiffness, (SG) and viscosity (VG), of the ground by analysis of vibrator signals. Paraphrasing his conclusions, the two vibrator controllers examined gave different values of viscosity and stiffness for identical sweeps at the same location. However, the same trends in values were observed over the survey area and corresponded to variations in surface conditions. Details of both measurement methodologies remain shrouded in mystery, apparently due to considerations of the trade secret nature of the different approaches. However, by examination of available published literature (patents and User Manuals) some details of the methodologies can be determined. Both of these methodologies make use of the fact that the force output of a DHO can be expressed mathematically as a function of its mass, stiffness, and viscosity. Equating this expression with the well-known WSGF expression of Sallas, yields a numerical mapping of the DHO model parameters (mass, stiffness, viscosity) to the known properties and measured operational parameters of the vibrator (masses and accelerations). Utilizing appropriate numerical techniques, estimates of SG and VG can be readily computed for the full frequency range of the sweep. Differences in the methodologies are in the type of numerical analysis used (Kalman filtering or inverse filtering) and the complexity of the model (number of springs and dampers in the model). Indirect measurements of the earth parameters using vibrator sensors and a model based approach can only be as accurate as the model employed to describe the interactions of the vibrator with the earth. As any field geophysicist has observed, the vibrator will usually leave a "compression imprint" of the BP in the soil after a sweep indicating a non linear response of the ground to the forces generated by the vibrator. With reference to figure (3) are the measurements obtained for SG and VG a "true" estimate of the parameters measured as the sensors on the vibrator are responding to a volume of earth that is undergoing large strains? AN ALTERNATIVE APPROACH In recent years, AnalySeis, LLC, in co-operation with Seismic Source Inc. has been developing an interactive model of vibrator performance. This effort has been strongly influenced by analogous Civil Engineering studies of how man-made structures respond to earthquake waves.
Specifically, the AnalySeis approach begins with a measurement of the value of the resonance frequency, ωn, of the vibrator/earth DHO. The value of ωn for any DHO is given by the equation:
The value of ωn is calculated directly with a proprietary technique, SMART_PHAZE that is a detailed analysis of the phase relationship between the BP and RM accelerometer signals during a sweep. Specifically, SMART_PHAZE detects the rapid phase change as the vibrator sweeps passes through the resonant frequency of the system.
As the mass of the vibrator is unchanged during a survey, any variation in natural frequency, when sweeping at different locations, is entirely due to changes in ground stiffness.
Although still in development, AnalySeis has demonstrated that a simple estimate of the resonance frequency, ωn, can be sufficient for monitoring the variability of the near surface throughout the surface area of a seismic survey. A reasonable correlation between ωn and the physical parameters would be sufficient to support the use of estimates of ωn alone for monitoring the variability of the near surface throughout the surface area of a seismic survey
In addition to measurements of ωn our research has indicated an alternative method of estimating the far-field signature that takes into account all the dynamic and static forces that are acting on the vibrator mechanism during a sweep. Preliminary results of our Enhanced Ground Force (EGF) are shown in figure (5) compared to a WSGF estimate and the signal from a downhole geophone 30m below the vibrator pad. These results are from a 60,000lb vibrator, operating at 40% drive level and a 8-240Hz sweep over 12 seconds. Results show a superior amplitude match to the geophone signal for frequencies from 8-120Hz compared to WSGF.
CONCLUSION
It is often stated that the more information we can gather about the near surface, the better. However, most vibroseis control systems currently in use have not been designed with this function in mind.
A new generation of vibroseis controllers is emerging which enable more than the traditional simple functions. This includes not just improved QC tools but also the recording of additional information relating to source signature on a moment by moment basis. Along with such functionality are also new analysis techniques which allow superior estimates of the source signature for each sweep of the survey.
Though still in a development phase, AnalySeis's Enhanced Vibroseis technique (patent pending) has already demonstrated a improved alibility to estimate true ground force.

Enhanced Vibroseis techniques are applicable to every operation using vibrators. Whether operating in the urban or desert environment, it is likely that this novel techniques will permit fewer sweeps and/or smaller vibrators/lower drive levels (reduced source effort), resulting in better data quality and higher crew productivity along with less environmental impact. Specifically for large 3D (desert) operations, already using some maximised method of high production vibroseis technique (HPV) are unlikely to be able to use larger vibrators or larger numbers of vibrators and, thus, Enhanced Vibroseis may well be the only path to take operations though their next quantum step.
 For 4D land vibroseis operations often today used for monitoring CO2 injection (whether for CO2 sequestration or enhanced oil production), Enhanced Vibroseis offers significant potential to improve data quality, perhaps with an unparalleled ability to estimate subtle differences between repeated sweeps.
